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1. SUMMARY
1.1 Objectives
This two-year project was directed toward three major objectives:

e  An assessment of the event detection and identification capabilities of the NORESS
array.

e  An estimate of the degree to which these capabilities depend on the specific charac-
teristics of this site.

e An evaluation of the CTBT monitoring capabilities using networks including sta-
tions like RSTN and NORESS.

The first two objectives were addressed in the semi-annual technical reports of this con-
tract (reports 1, 3, and 5 in the following section). This final report summarizes these previous
results, and presents extensive new work toward the third objective.

1.2 Reports
The following reports and papers were completed under support by this contract:

1.  Suteau-Henson, A. and T. Bache, Spectra of regional phases at NORESS, Semi-
Annu. Tech. Rep. SAIC 86/1967, Sci. Appl. Int. Corp., San Diego, Calif., 1986.

This is the first semi-annual report of this contract. The key issues addressed
are the signal characteristics of Pn and Lg phases recorded at NORESS (in particu-
lar, the repeatability of spectra from blasts in specific mines), an estimate of the
average ambient noise spectrum at NORESS, and an assessment of event
identification capability using the ratio of high and low frequency signal energy.

2. Suteau-Henson, A., T. Sereno, and T. Bache, Spectral characteristics and attenuation
of regional phases recorded at NORESS, Proceedings of the DARPA/AFGL
Seismic Research Symposium, Nantucket, MA, 185-190, 15-18 June 1987.

This short paper reviews the results of two studies. In one Pn spectra are com-
pared for various events to evaluate their potential for event characterization. The
second study presents preliminary results from an inversion of NORESS spectra for
Q and seismic moment.




Sereno, T., S. Bratt, and T. Bache, Regional wave attenuation and seismic moment
from the inversion of NORESS spectra, Semi-Annu. Tech. Rep. SAIC 87/1736, Sci.
Appl. Int. Corp., San Diego, Calif., AFGL-TR-87-0237, ADA187399, 1987.

This is a comprehensive investigation of the attenuation of Pn and Lg spectra
recorded at NORESS. A method is presented for inverting spectra for both seismic
moment and apparent attenuation. The method is applied to spectra from 190
regional events recorded at NORESS. The result is an accurate parameterization of
the distance and magnitude dependence of these spectra. This report is the second
semi-annual technical report of this contract.

Sereno, T., S. Bratt, and T. Bache, Simultaneous inversion of regional wave spectra
for attenuation and seismic moment in Scandinavia, J. Geophys. Res., 93, 2019-
2035, 1988.

This paper parallels our second semi-annual technical report (report 3 above)
with the exception that the Lg spectra are computed for a fixed group velocity win-
dow rather than for a fixed time length. Our resuilts for NORESS are compared to
attenuation estimates used by Evernden et al. [1986] to simulate detection capability
in the Scviet Union.

Sereno, T., and S. Bratt, Attcnuation and detection capability of regional phases
recorded at NORESS, Semi-Annu. Tech. Rep. SAIC 88/1598, Sci. Appl. Int. Corp.,
San Diego, Calif., AFGL-TR-88-0095, 1988.

The main objective of this report is to determine the relationship between the
spectral amplitudes used in our attenuation study and the temporal amplitudes used
in signal detection. This relationship is used to express the detection capability at
NORESS in terms of the spectral inversion parameters (e.g., Q and moment) and to
determine the sensitivity of our results to the specific characteristics of this site. We
compare our model to observed detection statistics and to the results of previous
investigations. This is the third semi-annual technical repont of this contract.

Suteau-Henson, A. and T. Bache, Spectral characteristics of regional phases
recorded at NORESS, Bull. Seism. Soc. Am., 78, 708-725, 1988.

This paper parallels the first semi-annual report of this contract (report 1 above).

Sereno, T., S. Bratt, and T. Bache, Regional wave detection capability at NORESS,
Proceedings of the DARPA/AFGL Seismic Research Symposium, Fallbrook, CA,
61-66, 3-5 May 1988.

This shon paper is a summary of many of the results presented in this final
report.




13 Summary of "Estimates of Seismic Detection Capability in the Soviet Union Based on
NORESS Observations”

1.3.1 Introduction

In this report we examine the detection capability of the NORESS array and its implica-
tions for estimating the detection threshold of a network of seismic stations in and around the
Soviet Union. NORESS was designed as a prototype array for regional monitoring, and it is
located within regional distance to portions of the westem USSR. Therefore, the NORESS
detection capability provides a reasonable basis for nomalizing simulations of the detection
capability of hypothetical networks in the vicinity of the Soviet Union. However, NORESS
may not represent the actual attenuation and noise for the stations in our hypothetical network,
so we also determine the sensitivity of the results to changes in the frequency-dependent signal
and noise characteristics. The primary issues involved in seismic monitoring are detection,
location, and event identification, and these are discussed below.

e Detection Capability. The primary focus of this report is on the detection capability of
hypothetical networks in the Soviet Union.

e Location. Signal detection is only meaningful if there is adequate information to locate
the source. Therefore, our simulations of detection capability require detection of at least
three phases (arrival times and azimuths) by the hypothetical network (constraining lati-
tude, longitude, and depth). Bratr et al. (1987] show that for a network including 20
NORESS-type arrays internal to the Soviet Union and 13 external, the 3-phase location
uncertainty for events near the detection threshold is about 10-15 km. This uncertainty
can be reduced with more accurate travel-time tables and/or master-event location tech-
niques, as discussed in that report. Also, Bratt et al. [1987] analyzed the sensitivity of
the location uncertainty to network configuration. We present no further work on these
issues here.

e Event ldentification. Numerous techniques have been proposed to discriminate between
explosions and earthquakes at regional distances [for review, see Pomeroy et al , 1982).
It appears that regional event identification requires the ability to distinguish relatively
subtle source effects within a cloud of complex propagation effects. For this reason, it is
important to accurately calibrate propagation effects for specific regions of interest.

In this report we concentrate on detection capability because it is the most fundamental
aspect of monitoring capability. Lowering the detection threshold gives roughly proportional
improvements to the location and identification capabilities.

1.3.2 Approach

Our approach to estimating the detection capability of a hypothetical network in the
Soviet Union involves the following steps:




1. We de'crmine an accurate parameterization of regional Pn and Lg spectra recorded at
N7RESS in terms of event magnitude and apparent attenuation. This is done by invert-
ing spectra from 186 regional events for seismic moment and apparent attenuation. With
this parameterization, we can predict the spectra for a chosen source and range and be
confident that our results are comrect within the well-defined uncertainty of our parame-
ters.

2. We determine the relationship between the spectral amplitudes and the temporal ampli-
tudes used in signal detection. This allows us to use our spectral parameterization to esti-
mate (temporal) detection capability.

3. We estimate NORESS detection capability with the spectral parameterization. Since this
detection capability is a function of the attenuation observed at NORESS and other terms
specific to the NORESS array configuration and processing, we can estimate the extent to
which our results depend on characteristics specific to NORESS. Our NORESS detection
capability model is validated with observed detection statistics.

4. We simulate the detection capability of a hypothetical network of NORESS-capability
arrays in the Soviet Union. Of course, this assumes that NORESS capability represents
the signal and noise environment in the Soviet Union. Therefore, we estimate the sensi-
tivity of these simulations to changes in the assumptions about the attenuation and noise
in the Soviet Union.

1.3.3 Results

We have determined a simple and accurate parameterization of the magnitude and dis-
tance dependence of regional Pn and Lg spectra recorded at NORESS. This parameterization
is based on the inversion of spectra from 186 events with magnitudes between 1.1 and 4.8 and
epicentral distances between 200 and 1400 km. Figure 1.1 displays the predicted Pn and Lg
spectra at 500, 800, and 1000 km for a magnitude 3.0 event, based on this parameterization.
The bottom curve is the average ambient noise spectrum at NORESS [Suteau-Henson and
Bache, 1988). The predicted Pn spectrum is nearly parallel to the noise curve at a range of
about 500 km, a result that is consistent with a NORSAR study that examined data from the
high-frequency element of the NORESS array [Ringdal et al., 1986]. At longer ranges, the
predicted frequency of the maximum signal-to-noise ratio is considerably less than 15 Hz.
Evernden et al. [1986) propose that detection capability would be enhanced at high frequency
(> 20 Hz). Our results for Scandinavia do not support this contention except at ranges less
than about 400-500 km.

Figure 1.1 is an accurate representation of Lg spectra, but cannot be used to estimate
signal-to-noise (the ambient noise curve is plotted with the Lg spectra in Figure 1.1b). The
"noise” prior to the Lg arrival is actually the ambient noise plus P and Sn coda, and is a com-
plicated function of range and source. However, we can note that the Lg spectrum reaches the
ambient noise level at a much lower frequency than the Pn spectrum, while at long periods the
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Lg amplitude exceeds that of Pn by as much as a factor of 10. This is consistent with the
observation that regional seismograms are characterized by Lg being the largest-amplitude
phase and Pn having a higher dominant frequency.

To estimate detection capability from these spectral results, it is necessary to determine
the relationship between temporal and spectral amplitudes. Signal detection at NORESS is
achieved when the short term average (STA) divided by the long term average (LTA) exceeds
a predeterminad threshold. These amplitudes are measured on filtered beams. Therefore, it is
necessary to determine the relationship between single-channel spectral amplitudes and these
time-domain amplitudes on filtered beams. For Pn we find that the emporal STA/LTA can be
expressed as a product of the single channel spectral SNR (for which we have parameterization
in terms of Q and magnitude) and terms specific to the array configuration and beamforming,
This factorization allows us to determine the extent to which our NORESS Pn detection capa-
bility estimates depend upon the specific characteristics of this site.

The Lg spectrum depends on window length and the pre-Lg noise includes the coda of
previously arriving phases. Therefore, a similar relationship can not be found for Lg. We sim-
ply note that the Lg spectral amplitudes computed for 5-s windows starting just prior to the
detection time are proportional to the STA on the beam with the maximum SNR. However,
Lg Q estimates based on fixed 5-s windows are not available for other regions, so our results
for Lg are not easily extrapolated. The pre-Lg LTA is more complex. We parameterized it as
a function of frequency, distance, beam type (coherent or incoherent), and magnitude, and the
latter is most important. We find that the log LTA increases proportional to 0.8 M;. Since
both Lg STA and LTA increase with M;, the detectability of Lg is much less dependent on
magnitude than the detectability of Pa.

We estimate NORESS detection capability using our spectral inversion results together
with an empirical parameterization of the temporal SNR. The latter is called the "detectabil-
ity,” and it gives the probability of detection of a given magnitude event as a function of epi-
central distance. The detectability is computed directly from detector parameters (e.g., the
STA, LTA, and pre-set detector thresholds). For extrapolating these results to other areas
(with estimates for the attenuation) we use our spectral inversion results and the relationship
between temporal and spectral amplitudes. To validate this procedure, we compare "predicted”
(based on our inversion results) and "observed" Pn detectability at NORESS. The dashed
curves in Figure 1.2 plot our estimates of the 90% NORESS M, thresholds for detecting Pn
and for detecting Pn or Lg, based on the "detectability.” The solid curve is the 90% M, thres-
hold for detecting Pn based on the inversion results. Also indicated in Figure 1.2 are the
results of Ringdal [1986] who estimated the 90% M, threshold for detecting P phases between
700 and 1400 km to be 2.7 and for detecting P or secondary phases in the same distance range
to be 2.5. The average distance of the events used in that study is about 960 km. The three
independent studies produce consistent estimates of the regional wave detection capability of
the NORESS amray, which lends considerable support to our spectral parameterization.

Our confidence in predictions of detection capability for other regions depends on how
well we know the regional attenuation and noise. Simulating the detection capability of
hypothetical networks within the Soviet Union is difficult because accurate atienuation esti-
mates and noise spectra are not available for that region. Therefore, we use a range of models




90% M_ Detection Threshold

Pn Only
3.0} Ringdal [1986] (Inversion)
P Only \L .-
25
Pn Only Ringdal [1986]
3 g P or Secondary Phase
% 20}
/\
1.5F /
/ / Pn or Lg
/
/
/
!
1.0 - II
!
i i 1 L . i .
400 800 1200
Range (km)

Figure 1.2. Estimates of 90% M, detection thresholds at NORESS as a function of epicentral
distance. The dashed curves are based on a parameterization of observed temporal amplitudes.
Curves for detecting Pn and for detecting either Pn or Lg are plotted. The solid curve is based
on the results of our inversion of Pn spectra. The horizontal bars are detection thresholds at
NORESS as determined by comparing NORESS detections to bulletins produced by local
seismic networks [Ringdal, 1986]. Events for this study were at ranges between 700 and 1400
and the average distance was about 960 km (X).
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in our network capability simulations to determine the sensitivity of our results to attenuation
and noise characteristics. As an example, Figure 1.3 shows a SNAP/DX simulation (Bratt et
al., 1987] of the 90% M, threshold for detecting three Pn phases from a network composed of
NORESS-quality stations; 13 outside and 20 inside the USSR. In this case the NORESS
detectability, including both attenuation and noise, was used to represent Pn propagation and
detection at all stations. That is, Figure 1.3 represents the detection capability if signal and
noise are identical to that observed at NORESS throughout the Soviet Union. In terms of
NORESS M,, the threshold is between 2.4 and 2.7 in the Soviet Union. A 50% increase in Pn
Q reduces the M threshoid to between 2.3 and 2.6, and a 50% decrease in Q increases the M|
threshold to between 2.7 and 2.9. Including Lg reduces the M, threshold by about 0.2 to 0.3.
To improve confidence in these simulations of network capability, it will be necessary to obtain
accurate estimates of the frequency-dependence of attenuation and noise in the Soviet Union.

1.3.4 Outline of report

This report includes five technical sections. Section 2 reviews the method and results of
our generalized inversion of regional wave spectra. This is a summary of material in previous
reponts [Sereno et al., 1987; Seremo and Bratt, 1988). Section 3 describes the relationship
between temporal and spectral amplitudes and presents our estimates of the detection capability
at NORESS. This is a summary of the material presented in our last semi-annual report
[Sereno and Brar, 1988).

Section 4 is new work presented for the first time on detection capability in the Soviet
Union. Section 4.1 discusses the procedures and uncertainties involved in extrapolating the
NORESS results to simulate the detection capability of a network of seismic stations in the
Soviet Union. Section 4.2 presents detection capability simulations for a variety of assump-
tions about the attenuation and noise in the Soviet Union. Section 5 summarizes our major
conclusions developed during the course of this contract, with emphasis on the new results in
Section 4.
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2. SPECTRAL INVERSION

An important consideration in designing a seismic network intended to monitor compli-
ance with a nuclear test ban treaty is the spectral content of regional wave signals. For exam-
ple, Evernden et al. [1986) argue that efficient high-frequency (> 20 Hz) Pn propagation can
be exploited to reduce detection thresholds in the Soviet Union and to aid in event
identification. Of course, this implies that high-frequency sensors should be an integral part of
the seismic network. However, their argument was based primarily on 1-3 Hz amplitude data
from paths in the eastern United States, and the only high-frequency data they use to corro-
borate their result is a single Pn spectrum recorded at a range of only 190 km. In this section
we address this issue with a large data set. This is a summary of the method and results of
our previous study of frequency-dependent regional wave propagation for paths to NORESS
[Sereno et al., 1987, Sereno et al., 1988). In these studies, we inverted spectra from 186
regional events covering distances from 200 to 1400 km and magnitudes between 1.1 and 4.8
for both seismic moment and apparent attenuation. Pn spectra were inverted between 1-15 Hz
and Lg spectra between 1-7 Hz. The final result is an accurate parameterization of the range
and magnitude dependence of these spectra. We note that our results for NORESS are incon-
sistent with the attenuation model used by Evernden et al. [1986], and they do not support
their contention of enhanced detection capability at high frequency, except at ranges less than
400-500 km.

2.1 Method

This section is a brief summary of the method we used to estimate attenuation arnd source
parameters. A detailed description is given by Sereno et al. [1988). The analysis assumes a
simple source scaling model and that all observed spectra can be fit by a single frequency-
dependent Q model. We parameterize the instrument-corrected amplitude spectrum of a
seismic signal as

AP = S() G(r.ro) exp [gmﬂ] @.1)

where A(f,r) is the observed displacement spectrum at range r and frequency f, S(f) is the
source spectrum, G(r,rg) is geometric spreading, and the last term is the effective attenuation
for travel time t. The effective attenuation includes contributions from both anelasticity and
scattering.

Source spectra. We adopt a simplified Mueller and Murphy [1971] explosion source
function characterized by f 2 decay beyond a comer frequency that scales inversely with the
cube root of the long-period level. While source assumptions have had a controlling influence
in some studies of attenuation, they are not crucial for our analysis since most of the events
had magnitudes less than 3.0 and apparent comer frequencies beyond the frequency band
inverted. The source parameters estimated by the inversion are the long-period level, S, for
each event and the comer frequency scaling parameter. The explosion moments are estimated
from the long-period levels derived from Pn [Stevens and Day, 1985). Since our observations
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are from a single station and the focal mechanisms for the small earthquakes in our data set are
unknown, we do not know the radiation pattern and are therefore unable to estimate seismic
moment from the earthquake source level derived from Pn. However, since Lg samples a large
fraction of the focal sphere, the earthquake moments can be estimated from the long-period
source levels derived from Lg [Street et al., 1975). The relationships we use to estimate
seismic moment are

MG® = 4np,03S5® (Pn) .2)
M = 4np PSP (Lg) 2.3

where p, and a, are near-surface density and compressional velocity, p. and B, are the average
crustal density and shear wave velocity, and exp and eq denote explosions and earthquakes,
respectively.

The amount of Lg energy excited by an explosion is depth-dependent and complicated by
near-source wave conversions {Bennett et al., 1987]. Explosions generate Lg energy primarily
through P-SV mode conversions and scattering, while earthquakes produce much more direct
shear wave energy. Therefore, for a given source moment and focal depth, earthquakes are
expected to generate larger Lg amplitudes than explosions. We will express the long-period Lg
source level for an explosion as an unknown fraction of the long-period level for an earthquake
of equal moment and depth. That is,

5o °(Lg) = x S5'(Lg) (2.4)

where x is an unknown constant, presumably less than one. We estimate this constant using
(2.2), (2.3), and (2.4), together with the observed ratio of S§P(Lg) to S§P(Pn).

Geometric spreading. The inversion also requires that we assume the geometric spread-
ing function. Following Herrmann and Kijko {1983), we express the spreading function in the
frequency domain as

G(r.rg
G(r,ro)

(1/r) for r<r
r'él (rgn™ for r2ry .5

where r, is a transition distance from spherical spreading to spreading rate m. The Lg phase
consists of higher-mode surface waves which are accurately described at long ranges by
cylindrical spreading (m = 1/2), provided the window length is sufficient to encompass the
entire dispersed wave train. By comparing the long-period amplitude spectrum of Lg to
moments calculated from long-period surface waves, Street et al. [1975] empirically deter-
mined ry = 100 km, or roughly twice the crustal thickness. Measuring the decay rate of syn-
thetic Lg phases computed for an elastic medium, Herrmann and Kijko {1983] verified that Lg
frequency domain spreading was accurately described as cylindrical and substantiated the
empirical result of Street et al. [1975] for ry. Therefore, we adopt (2.5) with 7o = 100 km and
m = 1/2 10 approximate Lg geometric spreading.
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Less work has been done on the spreading rate of Pn. Because its energy density is
more localized about a single ray path, Pn geometric spreading is more sensitive to velocity
gradients in the upper mantle. Numerical studies of Pa indicate that for typical upper mantle
structures the spreading rate lies between r™' and #~2 (Langston, 1982; T. C. Wallace, personal
communication, 1987]. We find that an important constraint on Pn spreading is the con-
sistency of the derived source parameters from the separate Lg and Pn inversions. This cri-
terion supports a choice of ™! for the Pn spreading rate. Therefore we use (2.5) with rg = 1
km and m = 1.3 to describe Pn spreading. We experimented with other spreading rates and
found only minor differences in Q. A change in the assumed spreading rate simply trades-off
with derived moment since the observations are from a single station.

Effective attenuation. We characterize the range-dependent decay of the seismic spectrum
in terms of a power law frequency dependence of Q. That is,

0 = 0 f " 2.6)

where Q, and 1 are parameters of the inversion. No attempt is made to distinguish intrinsic
absorption from scattering. In this form, our results are easily compared to those for other
geographic regions. We have not accounted for any azimuthal variations in Q, but have com-
bined data from all azimuths into an inversion for a single, average O model. Examination of
the fit of the model to the data demonstrates the validity of this procedure.

Inversion. The input data for the inversion are the logarithms of the observed displace-
ment spectra corrected for the assumed geometric spreading. These data are inverted for
apparent attenuation, source moment, and the constant relating comer frequency and moment.
Adopting standard methods for solving non-linear inverse problems, we linearize the system of
equations governing the relationship between the data and model parameters. We assume a
starting model, compute theoretical data, subtract it from the observed data, and solve itera-
tively for the model perturbations that minimize the data residual in the least squares sense. In
practice, we have found it necessary to include damping to stablize the solution. That is, we
minimize a weighted sum of the data residuals and the model perturbation norm. The explicit
problem formulation, matrices, and partial derivatives are given by Sereno et al. (1987].

2.2 Data

The data used in this study consist of stable, array-averaged spectra for 186 regional
events recorded by the small aperture NORESS seismic array in Norway. Event magnitudes
range between 1.1 and 4.8 and epicentral distances are between 200 and 1400 km. The array
includes 25 short-period instruments in concentric rings with a maximum diameter of 3 km.
The data are digitally recorded at 40 samples per second. The NORESS short-period instru-
ment response is approximately flat to velocity between 1 and 10 Hz.

Signal processing. The Pn spectra were calculated as part of an automated seismic array
processing program (SA/AP) developed as an extension of the RONAPP program used at NOR-
SAR [Mykkeltveit and Bungum, 1984). The program computes spectra for each automatically
detected signal. The spectral estimation technique is that proposed by Bache et al. [1985]. A
10% cosine-squared taper is applied to a 5-s window starting 0.3 s before the onset time of the
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